Electrical Discharge Machining (EDM) N) 
Introduction
EDM process, that is a subset of thermo-electric machining, is used as non-conventional machining method for machining metals and conductive materials. In this method, successive electrical sparks take place between the electrode and the workpiece in a dielectric fluid medium. As in EDM electric-heating energy is used instead of mechanical shear forces, it can be used for machining cut resistant materials such as hardened steel, tungsten carbide and alloys with high strength as well as complex shapes. Moreover, in this method, owing to the absence of mechanical force, the machining of fragile parts is possible presented by Kalpakjian (1995) , Semiromi and Azimian (2011) and Zarringhalam et al. (2016) . Because of having several effective parameters, EDM process is considered as one of the multivariate processes. Therefore, the conducted studies in the field of EDM have been mainly focused on the change and control of optimal adjustment of machining parameters with regard to the type of workpiece. The researchers also have mainly focused on the use of statistical methods and particularly, design of experiment (DOE) studied by Nourouzi et al. (2012) , Hashemzadeh et al. (2017) , Esfe et al. (2016) and Jafari Dinani (2016) . The use of DOE method in order to optimize electrical discharge machining parameters for MAR-M274 alloy (nickel-based) has been investigated by Uhlmann et al. (2013) . They have been shown that the pulse current and pulse on time are the most influential parameters for this alloy. Additionally, their results showed that the increased voltage leads to increased gap and therefore MRR will be increased. Ayestaa et al. (2013) have investigated the effects of current, voltage and pulse on-time for C1023 alloy using the Taguchi method and analysis of variance. It has been shown that the increased current intensity and pulse on time will reduce tool wear rate. Moreover, the lower current and voltage will be decrease the MRR. Gopakalannan et al. (2012) have investigated the effect of electrical discharge machining parameters on MRR, tool wear rate, and surface roughness. In this paper, they have shown that the current intensity and pulse on time have the greatest impact on outputs. Also they have shown that with increasing current intensity, at first MRR will be increased and then decreased. Furthermore, with increasing current intensity and also pulse on time, surface quality will increase. Clijsters (2010) investigated MRR and surface quality for the SiC ceramic machining. He chose the current intensity, voltage, pulse on time, and pulse off time as the input parameters for his work. He showed that the high energy leads to the instability of machining. In addition, for rough MRR, current intensity and pulse on time should be high. Tzeng (2008) has optimized electrical discharge machining process for SKD11 tool steels. His experiments showed that current intensity, work parameter and pulse on time have the highest impact on unloading rate and surface roughness respectively. Rajmohan and Prubho (2012) considering the parameters of voltage, current intensity, and pulse on time and off time, have tried to optimize MRR in 304 stainless steel. They suggested that the current intensity and pulse off time have the strongest impact on MRR of the 304 stainless steel. Moreover, for having the highest MRR, optimal setting levels have been calculated using S/N ratio. They showed that despite the small number of experiments in the Taguchi method, this method provides acceptable results. Zarepour et al. (2007) using the Taguchi method, have investigated the wear of copper tool in EDM of DIN 1.2714 tool steel. They found out that current intensity has the greatest impact on tool wear rate. Additionally, they determined the optimal levels of the parameters using the method of S/N ratio. Tzeng and Chen (2007) used a Taguchi fuzzy-based approach in order to optimize high-speed electrical discharge machining of SKD11 tool steel. In this research, it was observed that pulse on time, work parameter, and current intensity has the greatest impact on the accuracy and precision of the process respectively. Moreover, it was found that the amount of particles added to the dielectric have no notable impact on the quality. Optimization of machining parameters for machining in micro EDM for Inconel 718 super alloys was investigated by Manikandan and Venkatesan (2012) . The Taguchi method was used to formulate the experiment layout. The experimental results show that current and pulse on-time have a significant effect on machining characteristics. Experimental investigation was carried out based on Taguchi experimental design to study the effect of orbital parameters during electro discharge machining of nickel by Dave et al. (2012) . They used S/N analysis and ANOVA to identify the significant parameters and their degree of contribution in the process output. The results reveal that pulse on-time has significant influence on the machining characteristics studied by Yazdi et al. (2016) and Mirkalantari et al. (2017) . The influence of input parameters on the MRR was studied by Vishwakarma et al. (2012) . Mathematical model to formulate the input parameters like current, voltage, pulse on-time and flushing pressure to MRR of EN-19 alloy steel was developed in their research. They found that the most significant EDM parameters is the pulse current followed by pulse on-time and voltage. Literature review shows that little research has been conducted on EDM of specific material, especially coldwork tool steel. Since the effect of setting parameters and determining their optimal level depends on both the kind of workpiece and machining conditions, practical experiments should be done again for each alloy and specific material. Despite the increasing use of DIN 1.2080 alloy, particularly in Iran, no research has been conducted for the improvement of its EDM conditions, the performance of different methods of modeling, and calculation of the optimized condition.
In general, the objectives of this research can be summarized as follows:
1. Obtaining experimental data of EDM process for D3 alloy using two kinds of DOE Method. 2. Recognition and creation of a significant relationship between the process input parameters and important output characteristics such as MRR and surface roughness through providing regression models. 3. Identification of the interaction parameters and the effect of these parameters on the process output characteristics. 4. Estimation of the output values based on the determined input for optimization. 5. Providing two efficient optimization methods for the determination of the optimal levels of setting parameters in order to achieve optimal output characteristics in the process.
Experimental Procedure

Work material
Cold work Tool Steel 1.2080 (DIN X210Cr12, AISI D3) was selected as work material to carry out the experiment. D3 is an air hardening tool steel with have high carbon and high chromium. It displays excellent the abrasion and wear resistance. This alloy is heat treatable and will offer the hardness in the rage of 58-64 HRC. It is used in manufacturing of blanking tools, thread rolling dies, drawing dies and pressing tools for the ceramics and cold rolls for multiple roller strands Vishwakarma et al. (2012) and Kolahdooz et al. (2014) . The tool electrode was selected the copper with 99.9% purity and 40mm diameter. For easier installment of electrode in tool holder, a tail was considered with length of 100 mm and diameter of 11 mm. With using a hacksaw machine, the samples were cut from a 7 mm diameter cylindrical profile exactly and with similar thickness. Then, the surface of the samples was polished using a milling machine and grinding. Also, both sides of the samples were coded for a more precise control and tracking before doing experiments. Figure 1 shows one of the samples and the electrode used in this research. 
The equipment
Die-sinking machine, model 50A-501, was used in order to carry out for the designed experiments (See Figure  2) . Among the most important features of this machine the following may be mentioned: the ability to change most of the setting parameters, high precision, and efficient cleaning/washing system. The washing system of this machine is dipping and spraying type. Therefore during the machining process, the workpiece is completely immersed in dielectric fluid (ordinary oil) and a spraying flow helps for better washing. Surface roughness of the machined samples was measured based on Ra criteria and with 0.01 precision through using made in Germany MEHR MARSURF roughness tester model M300C. In order to reduce errors in determining the numerical values of the surface roughness, the prop was moved about 5 mm on the surface of the sample and in several different directions. To measure MRR, the mass of sample was compared before and after machining. FEJ200 digital scale, manufactured in FEW Company in China, was used which has the precision of 0.01 gr. 
Design of experiment
In this research, the effect of four parameters of voltage, current intensity, pulse on time, and pulse off time among the existing inputs on two output parameters of MRR and surface roughness has been investigated. The parameters and levels were determined according to Table 2 . These levels were selected according to the electrode diameter and upper and lower limits of the used machine. After determining the parameters and the level of each parameter, the procedure of doing the experiments should be determined. 54 experiments (3 3 × 2 2 ) are needed to be carried out with these levels. However, for decreasing of the cost and time-consuming, two kinds of DOE method (Taguchi and optimal determinant method) are selected. In order to design the matrix of Taguchi experiments, MINITAB statistical software was used. Table 3 shows the measured outputs in L18 Taguchi design. In this table, each row represents an experiment. For example, in the first experiment all input parameters should be set in their first level. The measured outputs (MRR and surface roughness) have been inserted in the last two columns. Table 4 shows the matrix of experiments based on the optimal determinant method which is obtained using the Design Expert software. In this design, only one arrangement is suggested by the statistical software. 
Results and Discussion
Analysis based on the data of Taguchi design
Taguchi experimental design has been proposed basically for signal-to-noise analysis. This method is a powerful tool in statistical analysis of the experimental data. In each experiment, we must always seek the highest S/N ratio in the results according to Taguchi (2005) . The high amount of S/N indicates that the effect of controllable parameters is more than the effect of uncontrollable ones. The design of manufacturing process with the highest ratio always leads to an optimal quality with the least variance. In Taguchi method, after determining the input and output parameters and their values, the data and observations are converted to a number (S/N ratio) in two steps. In the first step, mean square deviation (MS) is calculated which is a statistical quantity and shows the deviation from the characteristic value. According to the problem conditions, this function has different states/modes according to Taguchi (2005) . Two states used in this research are as follows:
A. The smaller number is better: in the measurement of the surface roughness, the smaller the number, the better is the situation. Thus, to calculate the loss function, formula (1) is used that presented in Minitab Software Web (2015):
B. The bigger number is better: in the measurement of the material removal rate, the larger number is better. Thus, Thus, to calculate the loss function, formula (2) is used that presented in Minitab Software Web (2015): Table 5 shows S/N ratios for all output parameters of machining: 
Determining the optimal levels of parameters for material removal rate
One of the advantages of S/N method is the possibility to determine the level of each parameter for the optimization of the intended output. According to Figure 3 , the level with the highest mean of S/N ratio is the optimal level to maximize material removal rate.
Therefore, to achieve maximum material removal rate, voltage and pulse off time must be in their first level, while the other two parameters should be set on their high levels. Hence, the optimal levels for the maximization of material removal rate in the EDM of DIN 1.2080 alloy include: V 1 I 3 T on3 T off . Selecting high levels of current intensity maximizes the discharged energy rate on the surface of the workpiece and, through melting and evaporating larger quantities of the workpiece, increases MRR. Regarding pulse on time, it can be said that this parameter determines the time of the creation and presence of the spark between the electrode and the workpiece; by increasing this parameter, more amount is removed from the work surface in each cycle and, hence, material removal rate will be increased. In the pulse off time, the current is cut off and the particles exfoliated from the metal surface are removed from the place by dielectric fluid. The less is this parameter, the more will be the average number of sparks per unit of time and, hence, material removal rate is increased. Voltage plays no key role in material removal rate and its only function is to cause the ionization process be performed at the desired speed. This facilitates the control of servo motor. Finally, through verification test, the accuracy of prediction of S/N method was measured (See Table 7 ). As can be seen the prediction error is about 6%. This error is due to the effect of environmental factors and other uncontrollable parameters on the machining process. Because of the uncertainties involved in electrical discharge machining and its industrial nature, this amount of prediction error is acceptable. Another advantage of the S/N method is that it determines the influence of each parameter in the desired output.
To this end, analysis of variance for the data related to material removal rate can be used (See Table 8 ). In this table, the degree of freedom is defined for each individual input parameter separately which is equal to the number of its levels minus one. -P-value: the probability of P-value is one of the methods to assess the suitability of the model. An easy way to control each parameter is to compare the P-value in the last column of all analysis of variance tables with the risk of error (α). If P-value < α, the assumption of the effectiveness of the parameter is confirmed, and if P-value > α, this assumption is rejected. Given the fact that the risk of error is considered 5% in this research, P-value confirms the effectiveness of all parameters except voltage. --F-value: this value should be compared with its critical value (F a,k,n-k-1 ). To verify the effectiveness of each parameter, the following proportional relationship should be established: F 0 > F a,k,n-k-1 . In calculating the critical value, k is the degree of freedom of the related parameter and n is the number of experiments (here 18). On the other hand, larger values of this statistic suggest more effectiveness of it. Critical F-value of the statistic tables is equal to 4.94 for the voltage parameter (F 0.05,1,16 ) and equal to 3.86 for the other three parameters (F 0.05,2,15 ). Hence, this value also shows the ineffectiveness of the voltage parameter. Finally, 
Determination of the optimal levels of the parameters for surface roughness
According to the Figure 5 , the level with the highest average value of S/N is the best level for the related parameter in the optimization of surface quality. herefore, the optimal levels for the reduction of surface roughness in of DIN 1.2080 alloys include V 2 I 1 T on1 T off1 . In order to assess the accuracy of prediction in this output, verification experiment was performed according to the optimal levels. As is shown in Table 9 , the error of prediction is less than 6%. According to the above plot and the results of the analysis of variance (See Table 10 ), it can be said that voltage has a low effect on surface roughness, and the increase of pulse current leads to the increase of spark energy that in turn increases the surface roughness. For voltage, the S/N ratio is not so much different in two levels; however, its second level is considered as the optimal level. Moreover, the first level in the parameters of current intensity, pulse on time, and pulse off time is determined as the optimal level. It is due to the reduction of spark energy, separation of smaller particles from the workpiece, and, finally, the reduction of surface roughness. Based on what was mentioned in the analysis of material removal rate, P-value confirms the effectiveness of the parameters of current intensity and pulse on time; but, voltage and pulse off time have no effect on the quality of the workpiece surface. Critical F-value of the statistic tables is equal to 4.49 for the voltage parameter (F 0.05,1,16 ) and equal to 3.68 for the other three parameters (F 0.05,2,15 ). Thus, this value also shows the ineffectiveness of the voltage and pulse off time parameters. Current intensity and voltage, respectively, have the highest and lowest impact on surface roughness. The high impact of the current intensity on surface quality is due to the fact that reduced current intensity greatly reduces the amount of spark energy and, thus, a lower amount of workpiece surface is melted and vaporized in each pulse. Therefore, the depth of surface cavities is reduced, which means reduced surface roughness. In addition to the reasons mentioned previously, another reason that voltage change may not have a significant effect on machining characteristics is that the voltage 
Main Effects Plot for SN ratios
Data Means
Signal-to-noise: Smaller is better which is set on the machine is the power supply voltage (open-circuit voltage) and machining crater voltage, where the spark occurs, is usually 20-25% of this voltage. With a good accuracy, Taguchi analysis can determine the optimal levels of setting parameters for each intended output. Moreover, the effect of input parameters on the quality characteristics of the process can be calculated in this way. However, Taguchi analysis is only able to select the best levels among those given in the experiments. This is while, if the variables are contiguous or have multiple levels, Taguchi analysis cannot be used to determine the exact levels of the parameters. Among the limitations of this method mention may be made of the difficulty of multiobjective optimization. Finally, the comparison plots of the experimental results and the predicted results of Taguchi In the next step, using the data of optimal matrix, the modeling and optimization of the process was done to compare the results of these two methods together.
Analysis of the results based on the data of optimal determinant
For the regression modeling it had better not use the Taguchi design matrix, because Taguchi experimental design is naturally used for analysis with the help of other statistical methods such as S/N analysis. Hence, in this section, using the data of optimal determinant matrix, regression modeling of the process is performed. A regression model is an equation which compares the changes in the dependent variable (response variable) with those in the independent variable based on a polynomial mathematical equation. A regression model which is composed of more than one variable is called multivariate regression model. According to the research conducted on modeling of manufacturing processes, different types of regression models including first-order (linear), Quadratic (second-order), Curvilinear (modified second-order), and exponential model were used in this research. The general form of linear regression model, which is one of the most common multivariate regression models, is shown through the formula (3):
In the above equation, X1, X2, ……, Xn are the input variables and bi refers to the regression coefficients which should be determined according to the data. Y is the response variable (output). In some multivariate regression models, interaction and higher levels of input variables are considered too. These regression models are referred to as linear second-order (or higher) polynomial regression. The general form of second-order polynomial model is offered as follows:
Similarly, equation (5) represents the general form of the exponential regression equation with two input and one output variables.
For the above equation, if logarithm is taken from both sides, the given model will be linear.
Sometimes, through deleting the parameters which have little effect in the model, it is possible to achieve higher correlation coefficients. The resulting model is known as the modified model. For a particular system, so much regression models can be achieved. The best model should be selected from among them through appropriate criteria. Research on the model validation is an important part of regression modeling process. To determine the accuracy and appropriateness of a regression model, different techniques are used some of the most important of which are mentioned below that presented by Minitab Company (2015): A. Randomness and normal distribution of residuals (using histogram of residuals and normal probability plot of the residuals) B. The independence of residuals based on the implementation order (using analysis of plots) C. The independence of residuals in the factor levels (is obtained using plot analysis) D. The correlation coefficient of R-sq R-adj R-pred (indicates the intensity of correlation between input and output variables).
Regression modeling of material removal rate
At this point, the effect of linear, Quadratic, Curvilinear, and the Logarithmic regression models on the data obtained from the experiment of design were separately introduced for the output variable of material removal rate. To validate and ensure the accuracy of the created models, apart from the designed experiments, some other experiments were carried out and the obtained results were compared with the output values of the models (See Table 11 ). Finally, with regard to the methods described for the detection of the accuracy and appropriateness of the regression model as well as by examining the average error for each model, the best models were selected for the investigation of material removal rate and surface roughness. Because of lower absolute average error in the curvilinear model, this model is selected as material removal rate evaluation model in EDM of DIN 1.2080 alloy. Although R-sqr in this model is lower than the Quadratic model, it has much better prediction accuracy. This is due to the high R-sq (pred) and R-Sq (Adj) in this model. Thus, it can be concluded that the model is suitable for prediction which has a greater R-sq (pred) and R-Sq (Adj) respectively. As previously mentioned, in this section, other statistical analysis will be examined for the selected model. To this end, the selected model's full table of analysis of variance (See Table 12 ) and residual plots (See Figure 5 ) were used. 
Log(Y)= Log(a)+bLog(X )+ gLog(X )
-P-value: confirms the suitability of this model and its parameters.
-F-value: should be compared with its critical value (F α,k,n-k-1 ). To confirm the suitability of the intended model, F 0 ˃ F α,k,n-k-1 should be established. In the calculation of critical value, k is the degree of freedom of regression sum of squares (here 7) and n is the number of experiments. Using statistical tables, F 0.05,7,18 is equal to 2.58 and F 0.05,1,24 is equal to 4.26. Given that F 0 is equal to 58.5654 for the Curvilinear model and is higher than its critical level in input parameters, it also confirms the suitability of the model and its coefficients. In the full tables obtained from the linear, Quadratic, and Logarithmic models, P and F values show the ineffectiveness of the voltage on material removal rate.
Residual plots: Figure 7 shows the residual plots for the Curvilinear model of material removal rate. Figure (A) shows the normal probability plot of residuals. This plot has an ideal state since it is as a straight line with constant slope. In Figure ( B), the plot should be symmetrical to the zero point and the points around this point should be scattered steadily; hence, the residual normal plot indicates that the residual distribution has been incidental and does not follow any particular trend. Figure (C) shows the residual histogram that based on its height (width) and ideal bell-shape form, the area of frequency/distribution can be judged. In the following plot it can be seen that the frequency/distribution is relatively desirable and normal distribution is acceptable. In Figure (D) , the residual plots should randomly fluctuate around the center line; therefore, it can be observed that all the standardized residuals are in an appropriate range/interval.
Figure 7: Residual plots for the curvilinear model of material removal rate -The optimization of material removal rate: According to the levels of input parameters used in this experiment and using the obtained regression model, the model output has been calculated for all possible states (a combination of 54 setting variables (2 1 × 3 3 )). Since the aim is to maximize material removal rate, the maximum output will be related to V 1 I 3 T on2 T off1 levels. In order to validate the optimization results, at the end, the predicted optimal levels were set up on the machine and re-experimented (See Table 13 ). As can be seen, model prediction with actual value has less than 6% error, indicating the high precision of the model in predicting material removal rate in EDM of DIN 1.2080 alloy. 
Statistical modeling of surface roughness
At this point, the effect of linear, Quadratic, Curvilinear, and the Logarithmic regression models on the data obtained from the experiment of design were separately introduced for the output variable of material removal rate. Then, as previous stage, through doing some experiments, apart from the designed ones, each model was validated (See Table 14 ). According to the validation results, the curvilinear model was selected as the best model for evaluating the surface roughness. Table 15 shows analysis of variance of the curvilinear regression model for surface roughness. -P-value: P-value confirms the suitability of this model. As can be seen, this value is less than 5% for the model coefficients, indicating the suitability of the residual coefficients in the model. F-value: using statistical tables for the calculation of critical F-value, F 0.05,8,17 is obtained 2.55 and F 0.05,1,24 is equal to 4.26. According to the tables, F 0 is more than critical values for the Curvilinear model and its coefficients. Hence, this value also confirms the suitability of the model and its coefficients. In the tables derived from the linear, Quadratic, and Logarithmic models, P and F values show that voltage and pulse off time have no effect on surface roughness.
-Residual plots: Figure 9 shows the residual plots for the Curvilinear model of surface roughness. -Optimization of surface roughness based on the best model: in order to find the optimal levels of surface roughness in electrical discharge machining, all the possible scenarios including 54 experiments have been investigated and the output of the model has been calculated for all of these scenarios. Since the aim is to minimize surface roughness, the lowest output belongs to the experiment where current intensity and pulse on time are set in their first levels and voltage and pulse off time in their second levels. Finally, in order validated the value predicted by the model, an experiment was conducted with new levels and the model output was compared with the actual output. The results are shown in Table 16 . As can be seen, the prediction error is about 8%. This error is due to the effect of environmental factors and other uncontrollable parameters on the machining process. Given the uncertainties of electrical discharge machining and its industrial nature, this amount of prediction error is acceptable that verified by Rajmohan and Prubho (2012) . 
Conclusion
Similar results are provided by the statistical analysis conducted in both models. In the investigation of material removal rate it was found out that to have the maximum material removal rate, voltage and pulse on time should be in their highest level but pulse off time should be set in its lowest level. Doing this, the maximum discharge energy is produced and material removal rate increases. Voltage has no effect on this output parameter; but, the parameter of current intensity, with the highest percentage of impact, is the most important setting parameter. Then, pulse on time and pulse off time are the most influential parameters respectively. Furthermore, in the investigation of surface roughness, it was observed that the parameter of voltage has no effect on this output. Similarly, pulse off time also has no significant effect on surface roughness, while current intensity and pulse on time have the highest impact respectively. This is due to the fact that the reduction of them decreases the discharge energy and lowers material removal power of the spark and, hence, surface roughness is reduced. In reviewing the results of the validation experiments, as was observed, both models have an appropriate precision.
Finally, it can be said that working voltage has no essential role in material removal rate and, thereby, in surface roughness and only causes ionization process to be performed with the desired speed. Little difference between material removal rate and surface roughness at two levels of voltage parameter together with P and F values of different tables is confirming. The change of current in spark is linear and has the outmost impact on the two output parameters. The higher the amount of current, the more will be material removal rate and, hence, surface roughness decreases. Increased current intensity causes the creation of maximum discharge energy rate on the surface of workpiece and, through melting and vaporizing larger quantities of the workpiece, increases MRR. The high impact of current intensity on surface quality is due to the fact that the decreased current intensity reduces the spark energy severely and, thus, much smaller amount of workpiece surface is melted and vaporized. Therefore, the depth of surface cavities is reduced which means reduced surface roughness. With regard to pulse on time and off time, as described in previous sections, pulse on time determines the creation time and real presence of spark between the workpiece and electrode. By increasing this parameter, a larger amount of the work surface is removed in each cycle and, thus, we will have more material removal rate and lower surface roughness. Indeed, the unusual reduction of on-time or the mismatch between on-time and current leads to severe corrosion of the electrode, prolonged work, and undesirable quality. In off-times, the current is cut off and the particles exfoliated from the metal surface are removed from the place by using dielectric fluid. The less the off channel, the more will be the average number of sparks per unit of time and, hence, the speed of material removal rate increases; this is suggested by MRR-related results. However, with regard to surface roughness, because of the ineffectiveness of this parameter, different surfaces were determined. It should be noted that the mismatch between on-time and off-time leads to severe increase and decrease of pule off time, resulting in dielectric breakdown, arch creation and graphite formation. Moreover, high voltage, after an optimal level, increases the clearance gap which in turn decreases the depth of surface melting and material removal rate. The two considered outputs are essentially different; this means that the decreased surface roughness (increased surface quality) is equivalent to the reduced material removal rate and vice versa.
Finally, it was determined that both models/designs have an appropriate precision; however, regression modeling through using the optimal matrix data is more precise that is due to two reasons: first, the number of experiments in this design is more than Taguchi design and, second, this design considers the interaction between the parameters. This is while that in Taguchi design the effect of each parameter is analyzed separately.
